Magnetotactic bacteria (MTB), which synthesize intracellular ferromagnetic magnetite and/or greigite magnetosomes, have significant roles in global iron cycling in aquatic systems, as well as sedimentary magnetism. The occurrence of MTB has been reported in aquatic environments from freshwater to marine ecosystems; however, the distribution of MTB across heterogeneous habitats remains unclear. Here we examined the MTB communities from diverse habitats across northern and southern China, using comprehensive transmission electron microscopy and comparison of 16S rRNA gene analyses. A total of 334 16S rRNA gene sequences were analyzed, representing the most comprehensive analysis on the diversity and distribution of MTB to date. The majority (95%) of sequences belong to the Alphaproteobacteria, whereas a population of giant magnetotactic rod is affiliated with the Nitrospirae phylum. By a statistical comparison of these sequence data and publicly available MTB sequences, we infer for the first time that the composition of MTB communities represents a biogeographic distribution across globally heterogeneous environments, which is influenced by salinity.
Magnetotactic bacteria (MTB) are a diverse group of microorganisms, which are ubiquitous in aquatic environments from freshwater to marine ecosystems . These bacteria can mineralize intracellular nanosized iron oxides (Fe 3 O 4 ) and/or sulfides (Fe 3 S 4 ) named magnetosomes (Jogler and Schü ler, 2009) . Based on the analysis of 16S rRNA genes, all known MTB are affiliated within Proteobacteria and Nitrospirae phyla (Amann et al., 2006) . Considering their high abundance (10 4 -10 6 cells per ml) near the oxic-anoxic transition zone and high intracellular iron content (10 À13 to 10 À15 g per cell), MTB have been attributed as an important role in iron cycling in aquatic systems (Faivre and Schü ler, 2008) . Moreover, fossil magnetosomes preserved in sediments may significantly contribute to the bulk magnetization of sediments and serve as potential archives of paleoenvironmental information (Kopp and Kirschvink, 2008; Lin and Pan, 2009 ). However, due to the lack of comprehensive study on the distribution of MTB across different ecosystems thus far, we know little about the biogeography of MTB communities.
In the present study, we analyzed the MTB communities from different ecosystems across northern and southern China, including four freshwater lakes, two mangrove swamps, two estuaries and one intertidal zone, with a salinity gradient ranging from 0.18 to 28.6 parts per thousand (p.p.t.) and spanning latitudes of 191N-401N. MTB were magnetically enriched solely using the 'MTB trap' method, which simultaneously collected both north-and south-seeking MTB . After magnetic collection, the enriched north-and south-seeking MTB from same sample were pooled. The diversity of MTB communities in each site was examined by transmission electron microscopy and comparison of 16S rRNA genes. Detailed descriptions of sampling sites and experimental procedures are given as Supplementary Information. MTB communities from different sites in this study, along with publicly available data, were further compared using statistically phylogenetic methods.
Live MTB were enriched from all nine sampling sites. Only coccoid MTB were observed in the saline samples from the mangrove swamps, estuaries and intertidal zone (Figures 1a-c) . However, great morphological variability was observed in the MTB enrichment from the freshwater lakes, including cocci (Figures 1d-f) , vibrios (Figures 1g and h ) and a giant rod-shaped bacterium ( Figure 1i ); this rod was morphologically similar to 'Candidatus Magnetobacterium bavaricum', found in Lake Chiemsee (Spring et al., 1993; Jogler et al., 2010 Jogler et al., , 2011 , and 'Ca. Magnetobacterium bavaricum'-like MTB found in Lake Miyun previously (Lin et al., 2011) .
The 16S rRNA genes were directly amplified from magnetically enriched MTB, using the bacterial universal primers 27F (5 0 -AGAGTTTGATCCTGGCT CAG-3 0 ) and 1492R (5 0 -GGTTACCTTGTTACGAC TT-3 0 ) as previously described (Lin et al., 2008) . Randomly selected clones were sequenced using a 27F primer (Beijing Genomics Institute, Beijing, China). After removing sequences of insufficient length (o400 bp) and low quality, nearly 400 sequences were retrieved in this study. The presence of potential chimeras was checked using the Greengenes chimera-check tool (Huber et al., 2004) . Twenty-six sequences, which were most similar to non-MTB bacteria, but unrelated to known MTB (o80% sequence identity), were attributed to contamination by non-magnetotactic organisms (Supplementary Information and Supplementary  Table 3) , and were thus removed from the analyses. In this way, a total of 334 high quality 16S rRNA genes were retrieved, which covered V1 to V3 hypervariable regions (450-500 bp) and sufficed for accurate microbial diversity analysis (Liu et al., 2007) .
These sequences were composed of 43 operational taxonomic units (OTUs) defined as 98% similarity level, representing only 3-11 OTUs per location ( Figure 2a and Supplementary Table 1). Although the potential limit of the magnetic enrichment approach (Lin et al., 2008) and/or the strict MTB sequences assignment applied in this study may restrict the assessment of MTB diversity, our results were similar to the diversity level reported elsewhere (Simmons et al., 2004; Flies et al., 2005) . Rarefaction curves for all nine libraries nearly reached an asymptote, indicating that we have captured the major extent of MTB diversity (Figure 2a) . Therefore, our results likely reflect the true situation that the sequence diversity of MTB communities in nature, compared with the whole bacterial community (Whitman et al., 1998) , is not very high. Out of 334 sequences, 318 sequences (42 OTUs) were affiliated within the Alphaproteobacteria, whereas the residual 16 sequences (1 OTU) detected from freshwater sediments belonged to the Nitrospirae phylum and were 97.9% similar to 'Ca. Magnetobacterium bavaricum' (Figure 2b) . The phylogenetic structure of all OTUs retrieved here suggested a biogeographic distribution of MTB communities. For example, out of 43 OTUs, 31 OTUs were endemic, whereas none were cosmopolitan (Figure 2b ). In addition, there was no overlap in OTUs between freshwater and saline environments.
To understand the global biogeographic pattern of MTB communities, we compared each community of this study and publicly available MTB sequence sets from Itaipu lagoon (saline) in Brazil, Jiaozhou Bay (saline) in China and Lake Chiemsee (freshwater) in Germany, with a matrix of UniFrac distances (Hamady et al., 2010) through principal coordinates analysis (Supplementary Table 2 ). Of particular interest, all MTB communities were grouped by salinity rather than geographic distances or continents (Figure 2c ). Among them, MTB communities from freshwater environments, even those from Lake Chiemsee in Germany, which is geographically distant from China, clustered together along principal coordinate 1. On the other hand, MTB communities from the saline sediments, including Itaipu Lagoon in the Southern Hemisphere, were more similar to each other than to their freshwater counterparts. The salinity-dependent distribution of MTB was further confirmed by Spearman rank correlations analysis, which demonstrated that the salinity was significantly (Spearman's r ¼ 0.619, P ¼ 0.003) correlated with the degree of community distance across the nine Chinese sampling sites. These community distances were not significantly related to other factors that were measured, such as pH, oxygen concentration and temperature (P40.05). Despite the small number of samplings, to our knowledge, this is the most comprehensive study on the diversity and distribution of dominant MTB clades across a large spatial scale to date, which, for the first time, shows that salinity has a strong influence on the biogeography of MTB. Our results support the view that bacteria, like plants and animals, are not globally homogeneous, but represent biogeographies (Martiny et al., 2006) , which are primarily influenced by salinity .
The correlation between salinity and MTB communities observed here raises the question: why can salinity influence the distribution of MTB? One hypothesis is that different salinities (and their related osmotic pressure) can affect the energetic cost and metabolic pathways of microorganisms (Oren, 2001) , including MTB communities. In addition to salinity, it is possible that other geochemical factors that co-vary with salinity, or even local competitors and predators, may affect the distribution of MTB. The geographic distance among sites does not seem to significantly influence MTB community composition according to our results. High dispersal capacity, making geographic distance irrelevant to the incidence of MTB, is a possible explanation. This result represents the famous microbiological tenet 'everything is everywhere, but, the environment selects', the so-called Baas-Becking hypothesis (de Wit and Bouvier, 2006) . That is, MTB are probably widely dispersed over great distances or may be robust over longdistance transport, and environmental heterogeneity (like salinity) determines their ability to thrive within specific environments. Nevertheless, the true causes for salinity-dependent distribution of MTB communities across different continents needs to be further studied. Knowledge of the biogeographic distribution of MTB will help to better understand the global iron dynamics in aquatic environments, and perhaps can also be applied towards the reconstruction of the paleoenvironment, based on the fossil magnetosomes.
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